Abstract. Si nanowires grown by the vapour-liquid-solid technique acquired fundamental relevance in the design of innovative nanostructured devices for electronic and optoelectronic applications. Au clusters deposited on Si are widely used as catalysts of the Si nanowires growth. It has been recognized that the starting Au nanoclusters size distribution strongly influences the final distribution of the Si nanowires and therefore the performances of the nanostructured devices based on them. In the present work we illustrate the formation of Au/Si droplets by the deposition of a thick Au film on Si(100) and annealing at 873K for different times. We focus our attention on the study of the evolution of the droplets size distribution and center-to-center distance distribution as a function of the annealing time at 873K using microscopic techniques such as atomic force microscopy, and scanning electron microscopy. The droplets isothermal-induced self-organization is shown to be a ripening process of hemispherical three dimensional structures limited by the Au surface diffusion. The application of the ripening theory allowed us to calculate the surface diffusion coefficient and all the other parameters needed to describe the entire process.
Introduction
Silicon nanowires (NWs) are attracting a great deal of attention due to their potential applications in nanoscale electronic devices such as field effect transistors [1] , nanoscale sensors [2] , single electron memory [3] , optoelectronic devices [4] . Today, most Si NWs are grown using the vapour-liquid-solid (VLS) mechanism, in which the NW grows from a Au/Si catalyst droplet during Si chemical vapour deposition [5, 6] . When a thick Au film is deposited on Si, upon heating at 873K, the Au layer partially de-wet, forming Au/Si nano-droplets on a smooth Au wetting layer [7] . In fact, the Au/Si phase diagram has an eutectic point at 636K (363 °C, 72 at.% of Au) [5] and upon solidification of Au/Si droplets under the eutectic temperature, phase separation occurs between Au and Si. In literature [8] it is also reported that the Au/Si droplets grow according to the Stranski-Krastanov mode. In particular, on Si(100) the droplets grow by a ripening process of three-dimensional (3D) hemispherical clusters limited by Au surface diffusion with a contact angle, at 873K, of ϑ=157°. Furthermore, it has *To whom any correspondence should be addressed. been recognized that the structural properties of Si NWs grown by the VLS technique is strongly dependent on the initial size distribution of the Au/Si catalytic droplets [9] . Therefore, it is evident the fundamental importance of a quantitative description of the ripening kinetic growth mechanism of the Au/Si nano-droplets. In the present paper we illustrate the formation of Au/Si droplets by the deposition of a thick Au film on Si(100) and annealing at 873K for different times (in the 300÷3600s range). By the study of the evolution of the droplets size distribution and center-to-center distance distribution (as a function of the annealing time), using microscopic techniques such as scanning electron microscopy (SEM) and atomic force microscopy (AFM), we clarify the details of their ripening process. We focus our attention on the 873K annealing temperature since it is a crucial temperature for the growth of Si NWs [7] : in fact, at this temperature the Au surface diffusion coefficient on Si is sufficiently high to produce a significant variation in the Au cluster distribution size (by the ripening process) in reasonable times (few hours) while the Au diffusion coefficient in Si is so low to prevent any significant diffusion of the Au in the Si substrate.
Experimental
A cz-<100> silicon wafer was used as starting substrate. It was initially etched in 10% aqueous HF solution to remove the native oxide. A set of substrates was covered (at room temperature) by a 2 nm thick Au layer sputtered using an Emitech K550x Sputter coater apparatus (at 10 -6 mbar, using Ar plasma). The samples obtained with this procedure were named "as-dep samples". Some as-dep samples were then annealed in Ar at 873K for several times (300s, 1200s, 2400s, 3600s) and analyzed by Rutherford backscattering spectrometry (RBS), AFM, and SEM. The RBS analyses were performed using 2 MeV 4 He + backscattered ions at 165°. The AFM analyses were performed using a Digital Instruments Microscope Dimension 3100 in high amplitude mode and ultra sharpened Si tips were used and substituted as soon as a resolution loose was observed during the acquisition. The AFM images were analyzed by using the Nanoscope III software. The SEM analyses were performed using a Zeiss FEG-SEM Supra 25 Microscope operating at 5 kV and the SEM images were analyzed using the Gatan Digital Micrograph software.
Results and discussion
The change in morphology of the film has been followed by AFM and SEM. Fig. 1 show representative AFM images for the sample as-deposited (a), and annealed 873K-3600s (b) and representative SEM images for the same samples ((c) for the as-deposited sample, (d) for the 873K-3600s annealed one). For a quantitative analyses, from the AFM and SEM images the Au/Si nanoclusters (NCs) vertical and horizontal size (R and D, respectively) and center-to-center distance (s) distributions were determined by using a software that defines each NC area by the surface image sectioning of a plane that was positioned at half NC height. The results obtained by AFM, and SEM analyses are in good agreement (the respective results are identical within the statistical error). As examples, Fig. 1(e)-(f) report the distribution of the NCs vertical size R for the samples whose AFM and SEM images were reported. Each distribution was obtained on a statistical population of 100 NCs and was fitted by a Gaussian function (the continuous line in each figure) whose peak position was taken as the mean value (<R>) and whose FWHM (full width at half maximum) as the deviation on such values. The horizontal NCs size resulted, in each sample, <D>≈2<R> indicating an hemispherical shape of the NCs. Then, <R> was taken as the mean NCs radius. Fig.1(g) shows RBS analyses for the as-deposited (black line), and annealed 873K-3600s (blue line) samples. Such analyses allowed (by simulating the spectra using the SIMRA program) to determine the Au atomic concentration in all the samples: Q≈9×10 15 Au/cm 2 . It is the same (within a the statistical error of 5%) for all the samples indicating that the Au atomic concentration remains unchanged during the annealing processes (as evident from Fig. 1(g) ). Furthermore, from Fig. 1(g) it is clear that no diffusion of the Au in the Si substrate and no Au-Si alloying below the surface occur for the used annealing temperature. In 2(a) we plot, as dots, the experimental evolution of the mean NCs radius <R> as a function of the annealing time t at 873K, and in Fig. 2(b) the evolution of the mean distance <s> between the NCs. Such evolutions are consistent with a surface diffusion limited ripening process. In the formulation of Lifshitz-Slyozov-Wagner (LSW theory) [10, 11] and Allmang-Feldman-Grabov [12] for such a mechanism, the mean NCs radius increase with time according to <R> n -<R 0 > n =K * t with <R 0 > the mean radius of the particle at time t=0, and K * an appropriate constant depending on the diffusion coefficient D s [13] . The value of n (dynamical growth exponent) is determined by the dimensionality of the coarsening structure in relation to the dimensionality of the supporting system: n=2 (2D/2D case) for the growth of two-dimensional (2D) particles on a surface (2D); n=3 (3D/3D case) for the growth of the three-dimensional (3D) particles embedded in a bulk matrix (3D); n=4 (3D/2D case) for the growth of three-dimensional (3D) particles on a surface (2D). In order to determine the most adequate mechanism for our experimental case, in Fig. 2(e) we compare the experimental (dots) <R> 4 -<R 0 > 4 quantity, with the best fit calculated for n=4, n=3, n=2. It is evident that the best agreement is reached for n=4. Therefore, in the assessed growth mode the cluster mean radius increases with time as <R> 4 -<R 0 > 4 =K * t with K * defined by [13] ) ln (  45  /  8 
Conclusion
The possibility of controlling, modeling and simulating size and center-to-center distance of Au/Si nanodroplets on Si(100) by a manipulation of annealing time at 873K has been demonstrated, describing the thermal induced self-organization of the droplets. The ripening kinetic process of the droplets and surface diffusion of Au on Si(100) were experimentally characterized by RBS, SEM, and AFM. The evolution kinetics has been interpreted by classical models involving surface diffusion limited ripening of hemispherical three-dimensional clusters on a substrate. The surface diffusion coefficient of Au on Si(100) at 873K was evaluated in D s =1.9×10 -16 m 2 /s.
